The interaction between trivalent lanthanide ions and poly(1,4,7,10,13-pentaoxacyclopentadecan-2-yl-methyl methacrylate), PCR5, in aqueous solution and in the solid state have been studied. In aqueous solution, evidence of a weak interaction between the lanthanides and PCR5 comes from the small red shift of the Ce(III) emission spectra and the slight broadening of the Gd(III) EPR spectra. From the Tb(III) lifetimes in the presence of H 2 O and D 2 O the loss of one or two water coordinated molecules is confirmed when Tb(III) is bound to PCR5. An association constant of the order of 200 M À1 was obtained for a 1:1 (lanthanide:15-crown-5) complex from the shift of the polymer NMR signals induced by Tb(III). A similar association constant is obtained from the differences of the molar conductivity of Ce(III) solution at various concentrations in presence and absence of PCR5. When Tb(III) is adsorbed on PCR5 membranes, lifetime experiments in H 2 O and D 2 O confirm the loss of 5 or 6 water coordinated molecules indicating that in solid state the lanthanide(III)-PCR5 interaction is stronger than in solution. The adsorption of Ce(III) in PCR5 membranes shows a Langmuir type isotherm, from which an equilibrium constant of 39 M À1 has been calculated. SEM shows that the membrane morphology is not much affected by lanthanide adsorption. Support for lanthanide ion-crown interactions comes from ab initio calculations on 15-crown-5/La(III) complex.
ABSTRACT:
The interaction between trivalent lanthanide ions and poly(1,4,7,10,13-pentaoxacyclopentadecan-2-yl-methyl methacrylate), PCR5, in aqueous solution and in the solid state have been studied. In aqueous solution, evidence of a weak interaction between the lanthanides and PCR5 comes from the small red shift of the Ce(III) emission spectra and the slight broadening of the Gd(III) EPR spectra. From the Tb(III) lifetimes in the presence of H 2 O and D 2 O the loss of one or two water coordinated molecules is confirmed when Tb(III) is bound to PCR5. An association constant of the order of 200 M À1 was obtained for a 1:1 (lanthanide:15-crown-5) complex from the shift of the polymer NMR signals induced by Tb(III). A similar association constant is obtained from the differences of the molar conductivity of Ce(III) solution at various concentrations in presence and absence of PCR5. When Tb(III) is adsorbed on PCR5 membranes, lifetime experiments in H 2 O and D 2 O confirm the loss of 5 or 6 water coordinated molecules indicating that in solid state the lanthanide(III)-PCR5 interaction is stronger than in solution. The adsorption of Ce(III) in PCR5 membranes shows a Langmuir type isotherm, from which an equilibrium constant of 39 M À1 has been calculated. SEM shows that the membrane morphology is not much affected by lanthanide adsorption. Support for lanthanide ion-crown interactions comes from ab initio calculations on 15-crown-5/La(III) complex. V 
INTRODUCTION
At a molecular level, weak intermolecular forces govern many life processes. Thus, such noncovalent interactions, as electrostatic binding, Hbonding or hydrophobic interactions are the basis of the DNA double helix, the secondary, tertiary, and quaternary structure of proteins, part of the substrate recognition characteristics of enzymes, the Na(I), K(I), and Ca(II) transport mechanisms in cell membranes, and so forth.
Considering the effectiveness of the naturally occurring chemical and biological processes involving such interactions, it is natural that people have tried to mimic nature at this level for commercial or scientific applications. One of the breakthroughs in this respect was the discovery in 1967 of the interaction of metal cation ions with cyclic oxyethylene sequences, which can be considered to be the birth of host-guest chemistry, one of the cornerstones of Supramolecular Science. 1, 2 The term crown ether or coro-nand was coined to account for the ability of the host molecule to ''crown'' cation guest molecules through interaction of the lone pairs of the ether groups with electron deficient atoms or chemical groups, leading to an overall stabilization. The interaction of the ether groups with cations through ion-dipole interaction is particularly favored in crown ethers because the ether groups occupy conformationally favorable positions in an aliphatic cycle structure. The ability of crown compounds to selectively interact with cations opens a wide variety of present and future technological application, including the fields of sensing in the manufacture of ion selective electrodes, the development of liquid membranes or supported liquid membranes employing the selective transport capabilities of these molecules, the production of selective extraction systems of chemicals for purification, recovery or decontamination purposes, and the production of catalysts for organic and inorganic reactions.
However, the discrete coronands are low molecular weight compounds, which limits their technological use because they are soluble in most solvents, and thus their separation and recovery is difficult. In addition, they have low thermal and chemical stability and need a physical support for most of their applications, with immobilization in such systems reducing their tendency to migrate. The preparation of polymers with crown or podand moieties chemically anchored to the backbone provides an excellent means of immobilization, and the inclusion of these supramolecules in a polymer structure opens the technological applications of these materials to areas, such as sensors, 3 actuators, 4 permselective membranes, 5 catalysts, 6 and so forth, all of which depend on the cation recognition capabilities of the crown compounds 7, 8 described earlier. Thus, it is of great interest to study the interaction between cations and crown ethers bound to polymers. However, such studies are not easy, as we are frequently dealing with weak interactions in solution, as has previously been shown with the low association constants observed for the interaction between lanthanide ions and the crown ether polymer: poly(1,4,7,10-tetraoxacyclododecan-2-ylmethyl methacrylate), PCR4. 9 Although of great biological importance, metals such as alkali and alkaline earth ions are not good spectroscopic probes to study their interaction with polymers. These difficulties can partially be solved by using trivalent lanthanide ions as probes, as they can be detected with a wide range of spectroscopic techniques, such as: fluorescence [Ce(III), Eu(III), Tb(III)], nuclear magnetic resonance (lanthanides are used as shift reagents), and electronic paramagnetic resonance at room temperature [Gd(III)]. In addition, there are few differences in behavior between the various lanthanide ions, which also have similar ionic radii and complexation characteristics to various biologically important alkaline earth and transition metal ions [Ca(II), Zn(II), Mg(II), Mn(II), Fe(II), and Fe(III)] and can replace them in many systems. 10, 11 In the last few years we have studied the interaction of lanthanides with surfactants 12, 13 polyelectrolytes 14 and uncharged polymethacrylate containing a pendant 12-crown-4 ether, PCR4, 9 in aqueous solution, mainly using spectroscopic techniques. It was suggested that the weak interaction observed between lanthanides and PCR4 in aqueous solution was partially due to the fact that the crown-4 cavity radius, 60-75 pm, 15 does not have the optimum size to incorporate trivalent lanthanide ions (ionic radii, around 100 pm). 10 We, therefore, report an extension of this work on the interaction of lanthanides with PCR4 to the interaction of lanthanides with the polymer poly(1,4,7,10,13-pentaoxacyclopentadecan-2-ylmethyl methacrylate), PCR5 ( Fig. 1) , which has the 15-crown-5 moiety with a cavity size radii between 85 and 110 pm, 15 similar to lanthanide ion radii. This is expected to make this polymer-crown system more favorable for interaction with this kind of cation. In addition, we extend the study in relation to with our previous work on PCR4, 9 by using ionic conductivity measurements to calculate the association constant between PCR5 and a model lanthanide cation, Ce(III) and, to study the interaction in both aqueous solution and in the solid state. We have determined the adsorption isotherms of trivalent lanthanide ions [using Ce(III)] with PCR5 membranes, and by using the luminescence characteristics of Tb(III) ions confirm that the interaction in the solid state is stronger than in aqueous solution as shown by the loss of a more coordinated water molecules when they interact with PCR5 membranes compared binding by crown ethers in aqueous solution.
water solution), Ce(III) chloride and deuterium oxide (99.9%) were purchased from Aldrich and used without further treatment. 2,2 0 -Azobisisobutyronitrile (AIBN) (Fluka, 98%) was recrystalized twice from methanol, and dried under high vacuum at room temperature. Millipore-Q water was used to prepare all solutions.
Apparatus and Methods
For steady-state luminescence spectral measurements, a Shimadzu RF-5301 PC instrument was used in right-angle configuration. Tb(III) luminescence lifetimes were measured, using the Spex 1934D phosphorimeter accessory with a Jobin-Yvon-Spex Fluorolog 3-22 instrument. An integrating sphere was used when the interaction of Tb(III) and Ce(III) with PCR5 membranes was studied. Decays were analyzed using Origin 5.0 software. Electron paramagnetic resonance measurements were carried out in aqueous solutions with samples in the sealed capillary part of Pasteur pipettes; all spectra have been corrected for the background signal of the glass. Spectra were recorded on a Bruker EMX10/12 spectrometer, equipped with Bruker N 2 temperature controller device BVT3000, operating at X band and calibrated with DPPH (2,2 0 -diphenyl-1-picrylhydrazyl 
À4
-0.2 M). The strong paramagnetism of Tb(III) limits the maximum cation concentration to 0.2 M for such studies. Unsuccessful attempts were made using the same method to obtain association constants for lanthanum(III) and europium (III). Although small shifts were seen with Eu(III), quantification of the complexation behavior failed because of the small lanthanide induced chemical shifts compared with the experimental errors.
All luminescence, NMR and EPR spectra have been registered at 20 8C. Solution electrical resistances were measured with a Wayne-Kerr model 4265 Automatic LCR meter at 1 kHz. A dip-type conductance cell with a cell constant of 0.0334 cm À1 , uncertainty of 0.02%, was used. The cell constant was determined to 60.02% from measurements with KCl (reagent grade, recrystallized, and dried) using the procedure and data from Barthel et al. 16 Measurements were made at (25.00 6 0.01) 8C in a Grant thermostat bath. In a typical experiment a PCR5 solution (of concentration 4.9 mM) was placed in the conductivity vessel; then, aliquots of the Ce(III) solution were added in a stepwise manner using micropipettes. The conductance of the solution was Figure 1 . Structure of PCR5, together with the 13 C and 1 H NMR spectra (upper and lower spectra, respectively) along with signal assignments. measured after each addition. All solutions were freshly prepared just before each experiment.
The morphologies of the polymer films, previously coated with a gold film, were analyzed by scanning electron microscopy (SEM), using a Jeol/Scanning Microscope, model 5310 operating under low vacuum at 20 kV.
Synthesis of Monomer and Polymers
1,4,7,10,13-pentaoxacyclopentadecan-2-ylmethanol and 1,4,7,10,13-pentaoxacyclopentadecan-2-ylmethyl methacrylate (CR5MA) were prepared according to the synthetic procedures described by Tiemblo et al. 17 and García et al. 18 The radical polymerization of CR5MA to give linear PCR5, and the subsequent purification were accomplished following the procedure described by García et al. 19 
Membrane Preparation
The membranes were prepared by radical polymerization of pure CR5MA, using 1,2-ethanedioldimethacrylate as crosslinking agent and AIBN (0.2 wt %) as initiator. The nominal crosslinking ratio, that is, the ratio between the number of moles of monomer to the crosslinking agent, was $100. The addition of a crosslinking agent is necessary to obtain membranes with adequate mechanical properties. The reaction was carried out as outlined in previous articles.
20,21

Polymer Characterization
The chemical structure of the linear PCR5 ( C NMR spectroscopy. The tacticity of the polymer, determined by 13 C NMR spectroscopy, gave an average molar fraction of syndiotactic dyads of 0.82 6 0.05. Comparison of this with the values of the triad and pentad units indicates Bernoullian stereochemical control. 22 The predominance of syndiotactic over isotactic sequences is similar to that found for other methacrylic polymers. 23 
RESULTS AND DISCUSSION
The results of our study are organized in three different sections. In the first, the results of the interaction of PCR5 in solution with lanthanides are shown, in the second, we report the interaction of lanthanides with PCR5 membranes, while in the last section we present a theoretical simulation carried out in gas phase. The chemical shifts of all hydrogen and carbon nuclei decrease linearly with Tb(III) molar concentrations. The slopes of the linear fitting are shown in Table 1 . Although the differences are small, the changes in chemical shifts are slightly higher for carbon or hydrogen atoms of the crown ether pendant group (12-crown-5) or for the atoms close to them (atoms a or b and c, respectively, according to the nomenclature of Fig. 1 ) confirming that the lanthanide interacts with PCR5 mainly through the crown ether group, as previously observed for poly(1,4,7,10-tetraoxacyclododecan-2-ylmethyl methacrylate) PCR4. 9 Comparing the linear fittings for similar atoms in the proton and carbon atom-chemical-shifts versus Tb(III) molar concentrations for PCR4 and PCR5, we observe that the slopes are lower in the case of PCR4 for the majority of the atoms, as shown in Table 1 . This is clear evidence that the lanthanide-crown polymer interaction is stronger in the case of PCR5 than in the case of PCR4. The difference in the chemical shifts is mainly a consequence of differences in the proximity between lanthanide and the crown moiety due to steric factors. The chemical shift increments of the proton and/or carbon resonances obtained from the difference between the polymer-lanthanide chemical shifts and those of the polymer are used to calculate the stability constant for a 1:1 (lanthanide: 15-crown-5) stoichiometry obtaining a very good fitting. A 1:1 stoichiometry is generally proposed in studies of the interaction between lanthanides trivalent ions and ligands containing12-crown-4, 15-crown-5, and 18-crown-6 moieties. [7] [8] [9] 24 This stoichiometry is obtained from Job's plot in some cases. 7 Although, for smaller ions such as Li(I) interacting with 12-crown-4 system, both 1:1 and 1:2 (metal ligand) complexes seem to be important, 25 in our case, from the good fitting of both NMR and conductivity data (see below) with a model 1:1, the ion and cavity radii, and the maximum Ce(III) adsorbed per crown in the Ce(III) isotherm, we appear to have evidence that the 1:1 complex is the dominant species under our experimental conditions.
Interaction in Solution
We will now address the use of the shift increments of proton and carbon resonances to calculate the stability constants.
Determination of Stability Constants. As discussed in the previous section, on the assumption that a 1:1 complex (C-L) is formed between the lanthanide ion (L) and crown (C)
the stability of the complex (C-L) can be described in terms of an association constant, K, defined by From eq 2 and the mass balance equations
where [C] t and [L] t represent the total concentration of crown and lanthanide, respectively, the association constant can be rewritten as
where f is the fraction of lanthanide ions complexed with the crown PCR5.
NMR Data. Assuming fast exchange conditions and a 1:1 complex, the observed chemical shift for a guest atom is expressed as
where d C and d C-L , represent the chemical shift of a given nucleus when free and complexed, respectively. The chemical shift displacement of a given nucleus of the crown, C, can be expressed as
which, after some algebraic manipulation and simplification results in,
See ref. 26 for the complete derivation of the earlier equation, and refs. 9 and 25 for recent discussion of problems associated with this method for the estimation of the association constant.
The use of eq 8 in a least-squares fit to our NMR data, has produced some more or less consistent values for the association constant. The 2:1 complex counterpart was, in contrast, incapable of fitting the data. The stability constants for complexes involving terbium are between 94 and 293 as extracted from proton chemical shifts, and from 70 to 275 using 13 C data. The fact that NMR shifts depend on lanthanide concentration in aqueous solution implies that there is an equilibrium between complexed and uncomplexed pendent crown ether structure with metal ion in D 2 O, and that this equilibrium is too fast to be observed on the NMR timescale (fast exchange limit), such that only a single average signal is recorded for each nucleus.
Conductivity
For practical reasons, electrical conductivity measurements were made, using Ce(III) instead of Tb(III). However, results for the two ions should be comparable. Figure 2 shows the variation of the molar conductivity, DL, of CeCl 3 in the presence and absence of PCR5 (4.9 Â 10 3 ] increases, the difference of molar conductivities with and without PCR5, DL, also increases, clearly suggesting that complexation between the salt or dissociated ions, and the polymer PCR5 is occurring.
If we denote the specific conductance of lanthanide ion and complex as j L and j C-L , respectively, we may write 27, 28 
It follows from eqs 5 and 9 that:
where Dj is the difference of ionic conductivity of the complexed and noncomplexed Ce 3þ ions, and other symbols have the same meaning as described before. In fact, as should be expected, the earlier equation corresponds to eq 8 when NMR parameters are replaced by those extracted from conductivity measurements. A nonlinear least-squares fit of eq 10 to the experimental data (Fig. 2) is performed to determine the unknown values for the variables. 29 The best values of the two fitting parameters calculated using this procedure, and taking [C] (----) see solid line in the Fig. 2 ).
EPR Results
Gd(III), due to its high electron relaxation times in comparison to the other paramagnetic lanthanides, is the only one that gives EPR spectra at room temperature. 10 The EPR spectra of Gd(III) at five Gd(III) concentrations (1 Â 10 À3 , 5 Â 10 À3 , 1 Â 10 À2 , 4 Â 10 À2 , and 1 Â 10 À1 M) were measured in aqueous PCR5 solutions (1%) and in pure water at 20 8C. As can be seen in Figure 3 , Gd(III) spectra are quite similar in the absence and presence of PCR5 and only a slight broadening of the signal is observed on addition of PCR5. This is similar to what was previously observed upon addition of other polyelectrolytes, such as poly(vinyl sulfonate).
14 Small changes in the coordination of lanthanide-water complexes or in viscosity could justify the small broadening of the signal. However, from the similarity of the spectra we can conclude that Gd(III) is only weakly bound to PCR5 in aqueous solution, as was previously reported for the case of PCR4. 9 
Luminescence Results
A number of intrinsic luminescent probes have been used to study the interaction between lanthanides and PCR5 in aqueous solution. One of the most important is Tb(III), whose lifetime measurements permit the determination of the number of coordinated Tb(III) water molecules lost upon interaction with the crown polymer. The basis of the method is the fact that the Tb(III) lifetime increases in D 2 O relative to H 2 O due to the reduced coupling of the lower energy OÀ ÀD oscillator compared with OÀ ÀH on the deactivation of the excited lanthanide ions. These changes depend directly on the number of coordinated water molecules and provide a quantitative method for determining this. [30] [31] [32] Tb(III) fluorescence decays were measured for three different metal ion concentrations (6.0 Â 10 À5 , 1 Â 10 À4 , and 2 Â 10 À4 M) in PCR5 solutions at 1% (weight/volume, w/v) aqueous (or D 2 O) solutions at 20 8C. All the decays were monoexponential, and from the fits, the lifetimes were determined (Table 2) .
From these results, the average number of water molecules coordinated to Tb(III) when it is interacting with PCR5 in aqueous solution is 7.3, identical to what was previously determined for Tb(III)-PCR4 system. 9 However, in aqueous solution, Tb(III) coordinates between eight and nine water molecules, 33 indicating that, as a consequence of the interaction with both PCR4 and PCR5, a loss of between one and two water molecules occurs and at the level of the primary coordination sphere there are no significant differences in the interaction between these two polymers and Tb(III).
A second evidence for the weak interaction between Tb(III) and PCR5 comes from the Ce(III) luminescence. The spectroscopically allowed 4f ? 5d Ce(III) emission 34 is red-shifted 1 nm with respect to the emission in aqueous solution, when Ce(III) (4 Â 10 À4 M) interacts with PCR5, similar to what was previously observed in the case of PCR4. 9 This small red-shift can be attributed to the weak interaction of the lanthanide to the noncharged crown ether group.
The third piece of luminescence experimental evidence for the interaction between lanthanides and PCR4 and PCR5 comes from the quenching of Tb(III) (1.0 Â 10 À2 M) emission by Ce(III) (from 1.2 Â 10 À4 to 2.6 Â 10 À3 M). Quenching follows good Stern-Volmer kinetic as seen in Figure 4 for both polymers and is probably due to energy transfer to a low-lying state of Ce(III), which is supported by the increase of the Ce(III) emission intensity.
From the experimental results, we observe that the quenching process is slightly more efficient with PCR5 than with PCR4 and is similar to the quenching process in aqueous solution as has previously been discussed. 9 These results, in agreement with the NMR results, show that, in spite of the similarities between PCR4 and PCR5, when interacting with lanthanides in solution, the interaction with PCR5 is slightly stronger favoring higher induced shifts of the NMR signals and a more efficient quenching of Tb(III) luminescence by Ce(III).
Interaction in the Solid State
Luminescence is a very good technique to study the interaction between lanthanides and PCR5 membranes. The adsorption of lanthanides in PCR5 membranes has been probed by the lost of coordinated water molecules of Tb(III) upon interaction with PCR5 membranes and by the shift in Tb(III) emission spectra when the lanthanide is adsorbed in the membrane. The adsorption isotherm has been quantitatively study by the emission of nonadsorbed Ce(III).
Tb(III) Experiments
Three previously weighed pieces of PCR5 membranes were put in contact with separate 1-mL samples of aqueous solutions of Tb(III) perchlorate at different concentrations for 36 h at room temperature, stirring from time to time. Swelling of the membranes was observed. The molar ratios of Tb(III) to crown 15-crown-5 moieties were: 5:1, 7.5:1, and 8.9:1 for the three samples. The lifetime of the adsorbed Tb(III) was measured at 544 nm by placing the membranes in an integrating sphere. Afterwards, these membranes were removed from the integrating sphere and placed in D 2 O for a half of hour to exchange water for D 2 O in the Tb(III) coordination sphere. Longer times of contact between membranes and D 2 O were not suitable as membranes become very fragile when soaking twice. However, water molecules bound to lanthanides are very labile, with residence times typically of the order of tens of ns, 35 such that substitution by D 2 O should be complete within this time. The lifetime of the adsorbed Tb(III) luminescence was measured again in the integrating sphere. Lifetimes are shown in Table 3 .
The average number of water molecules coordinated to Tb(III) when it is interacting with PCR5 membranes is 3 while it is 7.3 when Tb(III) is interacting with PCR5 in aqueous solution. This suggests that the interaction between lanthanides and PCR5 in solid state is much stronger than in aqueous solution. It seems that, in solution, water molecules compete strongly with ether groups to coordinate lanthanides. As in aqueous solution Tb(III) coordinates between eight and nine water molecules, 33 indicates that a loss of between five and six water molecules is produced when Tb(III) is adsorbed in PCR5 membranes, around a water molecule per ether group indicating that a similar interaction between terbium atoms and all the oxygen atoms of 15-crown-5 moieties is produced.
Another piece of experimental evidence for the interaction between Tb(III) and PCR5 membranes comes from the 1-nm red shift of the Tb(III) emission spectra when Tb(III) is adsorbed on PCR5 membranes with respect to the emission of Tb(III) in aqueous solution. This cannot be due to scattering, which would induce a blue shift, and is similar to the shift observed in the Ce(III) emission spectra when it interacts with PCR5 in aqueous solution as shown in previous sections.
Ce(III) Sorption Isotherm
Ce(III) sorption isotherm has been obtained from the emission spectra of the nonadsorbed Ce(III) in the supernatant obtained after a week of being in contact eight pieces of PCR5 membranes of a weight between 0.02 and 0. expressed, using a Langmuir-type isotherm, which in its linear form can be written as 36 moles of crown moles of adsorbed CeðIIIÞ
where w max is the maximum ratio of Ce(III) adsorbed moles per mol of crown and K e is the adsorption equilibrium constant, the ratio between the kinetic constant of the adsorption and desorption processes. A good linear fit is obtained, Figure 5 (B). The adsorption equilibrium constant obtained,
, is of a similar magnitude to the binding constants determined in solution by NMR and electrical conductivity. Although the heterogeneous sorption processes involved in the Langmuir isotherm involve both physical interaction of the lanthanide ion with the surface and binding by the crown, and care is needed in comparison with association in homogeneous solution, the agreement is encouraging and indicates that complexation by the crown must be one of the important factors in lanthanide binding to the membrane.
Microscopy
A SEM study was made of PCR5 membranes used for obtaining the Ce(III) isotherm before [ Fig. 6(A,C) ] and after Ce(III) sorption [ Fig.  6(B,D) ]. Figure 6(A,B) shows that the surfaces of PCR5 membranes are compact and some phase separation is observed with the formation of some circular structures on the surfaces. These kind of structures are not much affected by Ce(III) adsorption and seem to be characteristic of polymers containing crown ethers as they have been also observed in polyamide polymers bearing benzo-18-crown-6 moieties. 37 However, one marked feature involves the ''lamellar structures'' observed at the edge of PCR5 membranes, Figure 6(C,D) . From the presence of a quaternary carbon atom in the polymer structure (Fig. 1) , no kind of ordered polymer structure is anticipated, and it is impossible to say whether these are intrinsic lamellae within the membranes or are artifacts induced in preparation of samples for SEM measurements. Small Angle X-ray Scattering experiments are planned to check for the presence of regular structures in these membranes. From these SEM results it can be concluded that only a slight change of the morphology of PCR5 polymer membranes is observed upon Ce(III) adsorption.
Molecular Modeling: Methodology and Results
To get an insight into the crown-metal ion interactions, theoretical studies have been performed, using gas phase density functional theory (DFT) calculations. 38 The interaction of discrete 12-crown-4 or 15-crown-5 molecules with La(III) was studied, where La(III) is taken as a representative example of the different trivalent lanthanides.
The geometry optimizations and energy evaluations were performed with DFT methods employing pseudopotentials at the RB3LYP/ LACVP* level of theory for La(III) associated with the standard 6-31G* basis set for lighter elements. The bonding energies are defined as E bond ¼ {E(cation-molecule complex) À [E(molecule in the complex geometry) þ E(cation)]} where the cation is La(III) and the molecule is 12-crown-4 or 15-crown-5.
Results of the bond energy (E bond ) and the mean distance between cation and crown oxygen atoms of [crown-La(III)] complex in the gas phase are shown in Table 4 . As expected, the bonding energy of the (15-crown-5)-La(III) is higher than the E bond of (12-crown-4)-La(III) since the La(III) fits better in the crown cavity of 15-crown-5 than in that of 12-crown-4. However, it is noteworthy that the mean distance between the La(III) and the crown oxygens is shorter in the (12-crown-4)-La(III) complex, suggesting that the individual bond energy per oxygen is higher in the crown-4. This is reasonable because although the larger cavity of 15-crown-5 can better accommodate the metal ion, at the same time it implies greater distances between the oxygens and the cation (Fig. 7) .
The E bond and the mean distances between the cation-O crown can be compared with the theoretical results obtained in the interactions of polyglymes with different cations. Polyglymes are open chain counterpart of the crown ether and usually exhibit less cation affinity than comparable crown compounds due to unfavorable enthalpic and entropic effects. However, their higher conformational flexibility allows them to engage in multiple bridging and helical binding modes that the crowns cannot adopt. 39, 40 Johansson et al. 41 have studied the interaction of tetra, penta, and hexaglyme-Li(I) complex. Due to the previously noted higher ability of crown compounds to complex molecules compared with those with an open structure, the bond energy per oxygen atom found in 12-crown-4:metal or 12-crown-4:metal complex are higher than those obtained in the interaction between lithium ion and the open polyoxyethylene units, although contributions due to the differences in the metal ion charge and radii also have to be taken into account. The distances between the cation and the crown oxygens are higher for the crown-metal complex in our systems than those calculated by Johansson et al. 41 This is due to the larger ionic radii of La(III) compared with Li(I). If the radii of both metals were subtracted from the distance discussed earlier, this value would be approximately the same for both systems. Considering a closer guesthost complex, as in the solid state [Tb(OH 2 ) 5 (12-crown-4)]Cl 3 Á2H 2 O, the distances between La(III) and the crown oxygens are similar to that one theoretically determined in our systems. 
CONCLUSIONS
The interaction between trivalent lanthanides and PCR5 in aqueous solution and solid state has been confirmed by several spectroscopic techniques and by ionic conductivity. The interaction seems to be stronger in the solid state as is shown from the loss of five or six water coordinated molecules when Tb(III) is adsorbed in PCR5 membranes and between one and two when is interacting in aqueous solution. This indicates that, in aqueous solution, water, and ether groups compete to coordinate the lanthanides and the lanthanide-15-crown-5 interaction is stronger in absence of water. The small broadening of Gd(III) EPR signal is also a good indicative of the weak interaction in aqueous solution. A complex of an stoichiometry 1:1 (lanthanide:15-crown-5) is proposed and good fittings of the 1 H and 13 C NMR polymer signal shifts induces by Tb(III) and Ce(III) ionic conductivity in the presence of PCR5 conductivity are obtained with this model. The association constants obtained with these two techniques are in reasonably good agreement. The adsorption of Ce(III) is followed by metal ion emission spectra and shows a Langmuir type isotherm with a maximum amount of Ce(III) adsorbed per mole of crown around 0.27, which practically rules out the possibility of a 1:2 model. From SEM studies, we conclude that no significant alteration of the morphology of PCR5 membranes is observed upon Ce(III) adsorption. The comparison between the bond energies in the 12-crown-4/La(III) and 15-crown-5 system and the Tb(III) emission quenching by Ce(III) let us conclude that the lanthanide interaction is stronger for PCR5 system than for PCR4 as was expected from the cavity radii of 15-crown-5 being closer to lanthanide radii than that of 12-crown-4. 
